Low yield, poor water quality, and nonfunctional infrastructure impede physical access to clean groundwater in rural Tanzania. We studied boreholes in 45 villages as part of a rehabilitation program led by the Global Water Institute at The Ohio State University. Villages were chosen because their groundwater supply systems were inoperative or unsustainable. The most common cause was pump failure, which occurred in more than half of the villages. Even if broken pumps were repaired or replaced, low pump capacities and potential yields would limit physical access in many villages.
INTRODUCTION
Hundreds of millions of people across sub-Saharan Africa suffer due to inadequate access to clean water (WHO & UNICEF ). Three decades ago, the United Nations set a Millennium Development Goal to halve the proportion of the population without sustainable access to safe drinking water and sanitation, but the goal was not met in Tanzaniathe proportion of the population that gained access to safe water was only 29% (UNICEF & WHO ). Nonfunctional water distribution points frequently limit access to clean and safe water. The average functionality rate of public distribution points is only 60% (United Republic of Tanzania ).
Although groundwater supplies two-thirds of all rural water points in Tanzania (United Republic of Tanzania ), Tanzania's aquifers are generally of low to moderate productivity (MacDonald et al. ) . More than half of the
MATERIALS AND METHODS

Survey approach
The 45 villages are distributed across seven regions and have populations ranging from 1,000 to 7,000 people.
Information on climate and hydrogeology is provided in the online Supplementary Materials. In each village, information on water accessibility was obtained through field observation and the assessment of infrastructure by technicians. The assessment form, which was adapted from the WHO guidance on sanitary surveys and the National Groundwater Association's recommendations on water point inspections, included observations of water body sources and characteristics, water usage, site-specific attributes, potential pollution sources (especially those related to human or animal wastes), and an intervention appraisal.
Driller's reports and other available water data were acquired, where possible, from district water engineers and village executive officers in person. Data were also sought from the Ministry of Water and Irrigation offices, including aquifer type, thickness, static water level, information on well yield or specific capacity, and water quality.
Hydrogeological analysis
Completion reports and pump test results were only available for boreholes in eight villages. For those villages, we used pump test data to estimate the specific capacity and potential well yield. Potential well yield is important because it reflects the maximum pumping rate a well can sustain without experiencing excessive drawdown. At greater pumping rates, the well quickly goes dry, and the water level must recover before pumping can resume.
Without an assessment of potential well yield, pumps cannot be effectively sized for wells. Specific capacity (SC) was calculated as follows:
where Q is the pumping rate and s is the drawdown. In some cases, a step test was conducted, and we approximated Q as a weighted average of the pumping rates during each period.
Potential well yield (Y pot ) was calculated as follows:
where s a is the available drawdown, which was assumed to be 3 m less than the difference between completion depth and static water level.
Where driller's reports were not available, the district water engineer supplied information such as completion depth and reported yield. The reported yield was typically inferred from the time required to fill a storage tank and is not equivalent to potential well yield based on aquifer pump tests (Equation (2)). The district water engineer also reported static water level for about half the villages.
Samples were collected for water quality from the borehole or the nearest access point. In addition to boreholes, many villages had secondary water sources, including springs, charco dams (hand-made earthen dams that store overland flow during the rainy season), and dug wells (shallow wells dug by hand to the water table). In three cases, a river was also accessed as a secondary source.
Samples were collected from these secondary sources (mostly consisting of surface water and shallow groundwater from dug wells) to compare against borehole water.
More information on water quality testing is available in the Supplementary Materials, including the type of secondary source for each village.
RESULTS
Infrastructure assessment
More than half of the villages (26 out of 45) had an inoperative pump, which prevented groundwater withdrawals altogether ( Figure 1) . Typical pump problems included broken parts and frequent need for repairs. Of the nine villages with a hand pump, all required replacement due to current or frequent breakdown. The low capacity of hand pumps also hindered access to water. Four villages had relatively new boreholes that were never fitted with a pump. Thirteen villages had submersible pumps that were broken or needed regular repairs (many of these were old Mono pumps). Two of the villages with Mono pumps had old engines that frequently broke. The exact reasons for breakdown and failure to repair were not explored, but common reasons include corruption of funds, the inefficiency of water user committees, and lack of spare parts or technical expertise to make repairs (Rural Water Supply Network ).
Other infrastructure problems also limited access or contributed to unsustainability (Figure 1 ). In fact, 85% of villages had more than one infrastructure problem. Twentyone villages experienced unsustainable costs associated with powering the pump. Of these, eight had electricitypowered pumps and 13 had diesel-powered pumps. Both electricity tariffs and the cost of diesel fuel are set by the national regulator, but corruption within communitymanaged schemes could influence the cost for consumers.
Twenty-three villages had existing distribution networks that required repairs or additional storage tanks or lacked a distribution system altogether. Thirty villages needed pipeline extensions and new distribution points to improve access. working or broken frequently. 'Unsustainable costs' indicates that diesel costs or electricity tariffs imposed practical limits to pump operation. 'Existing distribution' indicates a need for repairs to the existing infrastructure (leaky pipelines and storage tanks, adjustments to improve delivery head), but does not assume that the existing infrastructure is sufficient to serve all community members. 'Expanded distribution' reflects a need to increase the capacity and distribution of the water system (additional boreholes, pipeline, or distribution points) in order to sufficiently serve all community members. 'Other' indicates miscellaneous requests such as private extensions to homes or new infrastructure to meet non-domestic needs such as cattle troughs.
with inadequate yield were randomly distributed across the regions of Kagera, Kilimanjaro, Mara, Singida, and Tabora.
The reported yield tends to reflect the capacity of the existing pump (Figure 2 (b)), rather than the potential yield of the borehole, which is measured with a pump test.
In three of the 17 villages with low reported yields, well test records were available to calculate potential yields
(Supplementary Materials). In two villages (Mwalala and
Bulumbela, Tabora Region), the wells had potential yields that would meet domestic needs if the existing pumps were replaced with more powerful ones. In other words, the pump constrains the yield. In the other village (Mahene, Tabora Region), the potential yield could not meet domestic needs. In other words, the aquifer constrains the yield. If a second well were drilled with the same potential yield, the combined production from both wells could meet the domestic needs of the village.
In the absence of pump test records, we compared the pump capacity with the reported yield, which was typically based on the time to fill a storage tank (Figure 2 (b)). For most villages, the reported yield and pump capacity were nearly the same, suggesting that the well was capable of yielding water at the rate it was being pumped (Figure 2 (b)).
In two villages, the pump capacity was significantly less than the reported yield -in other words, the pump is undersized.
Although both villages' pumps meet the domestic needs of the current populations, the wells could yield more water for other needs with a more powerful pump. In Mubaba (Kagera Region), a hand pump with a capacity of only 0.28 L/s was installed in a well where the district water engineer reported the yield of 2.78 L/s, and the pump test results suggested a potential yield of 3.89 L/s (Equation (2)). In Shighatini (Kilimanjaro Region), no pump test results were available, but the capacity of the existing pump was only one-fourth of the reported yield. This village had an operating pump and power source and an expressed interest in extending the pipeline distribution system and starting a bottling plant.
In two villages (Rungwa and Unyankhanya, Singida Region), the reported yield was significantly less than the pump capacity -in other words, the pump is oversized and causes excessive drawdown (Figure 2(b) ). Neither village's yield meets the current population's domestic needs. In Rungwa, their 60 m 3 storage tank sometimes requires a week to fill. The well also suffers from siltation and runs dry 3 months of the year, though it flowed yearround when it was first installed. A likely explanation is that the static water level falls below the depth of the well during those dry periods due to declines in rainfall and recharge. For both villages, a pump test would be useful for evaluating the potential yield and sizing the borehole with a pump that would produce a more constant and reliable (but low) flow. Oversized pumps that rapidly drain the well lead to wear and tear on the pump and create unpredictable fluctuations in water supply.
In Three of these wells may have been drilled deeper because the static water levels were deep (greater than 60 m).
Water quality assessment
Of the 35 boreholes that were tested, 15 did not meet 
DISCUSSION
The physical factors that limit access to clean and safe groundwater in rural Tanzania are multifaceted and widespread. One-third of all villages had low yields that could not meet domestic water requirements for the population, one-third had poor water quality, and more than half had inoperable pumps (Figure 4) . Although the villages in this study were selected because of known infrastructure problems, the prevalence of broken pumps has been observed previously in Tanzania and other rural developing countries (Nkongo ; van den Broek & Brown ).
Other infrastructure challenges that hindered access included leaky pipelines, a lack of distribution points, and high costs of powering the pump (Figure 1) .
A third of all villages faced more than one physical challenge ( Figure 4 ). Four villages had sufficient water quality, but had low yield and an inoperative pump. These villages need reliable and affordable pumps and power but may also need additional boreholes to increase supply in lowyielding aquifers. Seven villages had poor water quality and an inoperative pump. This implies that even if the pumps are repaired or replaced, the produced water will require treatment to improve quality. Two villages experienced the triad of the inoperative pump, low reported yield, and poor water quality. These villages need a reliable pump and power source to bring the existing well online, but they may also require additional boreholes to increase yield and water treatment to improve quality.
Some of the low reported yields were due to pump constraints, while others were due to the aquifer and well Groundwater from boreholes is also prone to fluoride, a geogenic contaminant, but perhaps no more so than water from secondary sources (Figure 3(b) ). Fluoride has been reported to be a major groundwater quality problem in the rift valley of Tanzania 
RECOMMENDATIONS
We advocate for greater hydrogeologic testing as part of rural groundwater development. Pump testing is rarely reported and must become a priority to improve understanding of yield and selection of the appropriate pump. Both the pump test and water quality records must also be made We also recommend installing more boreholes in areas with low aquifer productivity but good groundwater quality, particularly in areas where nitrate and fluoride concentrations tend to be low but aquifer transmissivity is also low. Adding more wells with smaller pumps distributes pressure on the aquifer and reduces the drawdown, facilitating a steady, reliable flow at each well. In this study, Tabora had relatively good groundwater quality (low concentrations of nitrate and fluoride). In regions such as Singida and Kilimanjaro with higher fluoride concentrations, it is important to evaluate health benefits and risks of groundwater development. However, fluoride is often high in dug wells and surface water as well, so installing new boreholes is likely to improve access to water that is lower in nutrients and pathogens and perhaps similar in fluoride levels.
Despite the physical challenges of infrastructure maintenance, low yield, and marginal water quality, groundwater development will continue to be an important ingredient for water security in rural Tanzania. 
